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ENGINEERING METHOD OF RAM-JET THRUST DETERMINATION BASED 
ON EXPERIMENTALLY OBTAINED COMBUSTOR PARAMETERS 


By H. Rudolph Dettwyler and Maxime А. Faget 
SUMMARY 


А parameter is introduced which simplifies the accounting for 
pressure losses in ram-jet combustors. This parameter, called the 
combustor-force coefficient, relates the jet force and the total pres- 
sure &t the combustion-chamber entrance. Experimental data for several 
different combustors &re presented for evaluation and comparison. Α 
calculation method is presented which reduces the ram-jet thrust equa- 
tion to linear relationships and leads to a short method for determina- 
tion of proper ram-jet free-stream tube area for a particular combustor 
considered. 


INTRODUCTION 


In connection with conducting free-flight performance investiga- 
tions of ram-jet engines, the Langley Aeronautica] Laboratory has con- 
tinually been engaged in performance analysis of ram jets. Test data 
obtained from flight and preflight tests for ram jets burning vapor, 
liquid, and solid fuels have been analyzed. Various methods have been 
used to determine the level of performance of the ram-jet combustors. 
Barly methods involved calculations that were long and tedious for the 
data-reduction process, as well as for the analysis process that uses 
the resulting parameters for determining performance at extrapolated 
conditions or for making new ram-jet designs. - 


It has been customary for some time to use air specific impulse 
as the parameter to express the heat-release rate in the combustor. 
The use of this parameter replaced the use of combustion flame tempera- 
ture which was awkward and difficult to measure. 


Another combustor, performance parameter is presented herein. This 
parameter, called. the "combustor-force coefficient, is developed through 
the use of one-dimensional analysis of the general energy, continuity, 


τ; 


теа. 
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and momentum equations to express the combustor jet force as & linear 
relationship with internal total pressure. The use of this parameter, 
which is easily measured, eliminates the separate determination of 
combustor friction losses, momentum losses due to heat addition, and 
the aerodynamic losses in the combustor exit nozzle. Im addition, the 
use ОҒ the combustor-force coefficient, which is independent of all 
combustor environmental variables except entrance Mach number, greatly 
reduces the labor involved in making ram-jet performance calculations. 


As a means for evaluation and comparison of this new parameter, 
experimental combustor-force coefficients for seven different units 
tested in several facilities are presented. A sample problem utilizing 
graphical solutions is presented to show how the analytical expression 
developed in this paper can be utilized. 


The combustor-force coefficient simplifies the use of experimental 
data in solving for ram-jet thrust and internal pressures at conditions 
other than those at which tests were performed. The combustor-force 
coefficient, maximum total~-pressure ratio, and maximum air specific 
impulse determine the optimum stream-tube area of entering air for 
maximum thrust coefficient. A simple equation is presented which 
relates these parameters for a quick solution to the matching problem. 


SYMBOLS 
A area, ва ft 
Cc combustor-force coefficient, G/HJA) 
Ст ram-jet thrust coefficient, г/у 
Р rem-jet thrust, G - yoPoMyZAo - ΒΟΑΙ 1b 
f/a fuel-air ratio 
E 

(a + Z = Lye)” 
a аы 
G exit jet force, РА(1 + УМ), 1b 
сы jet force (sonic exit), lb 
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(м) 


SE Um 


gravitational acceleration, ft/sec 
total pressure, lb/sq ft 

isentropic pressure ratio, free stream 
diffuser recovery 


stagnation pressure ratio due to losses, Ша/Нұ 


friction pressure-loss coefficient, H, - iaf% 


Mach number 
static pressure, lb/sq ft 
dynamic pressure, 1b/sq ft 


194 


universal. gas constant, ---------- 
gas molecular weight 


exit air specific impulse, sec 

air specific impulse (sonic exit), sec 
static temperature, OF abs 

stagnation temperature, °F abs 
velocity, ft/sec 

air mass flow, lb/sec 

fuel mass flow, 1b/sec 

ratio of specific heats 


impulse efficiency, Sa" ot [ὃς theo 


specific mass density, slugs/ft- 


nozzle expansion correction factor (ideal) 


Subscripts: 


ο 


free stream 
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1 diffuser exit 2 
la imaginary station at combustor entrance at which all drag losses 

in the combustor have been considered to have occurred А 
2 combustion-chamber exit 


nozzle throat 


nozzle exit 
act actual = 
theo theoretical 


DETERMINATION AND USE OF COMBUSTOR-FORCE COEFFICIENT Co 


The thrust of a ram-jet engine is a result of the momentum and 
pressure forces acting on the stream tubes of gases entering and leaving 
the engine. Thus, with the use of the station subscripts defined in 
figure 1, 


F = pA, - родо? + Ay (Ph - Po) (1) 


This equation may be rewritten in Mach number terminology and reduced 
to 


F = PyAy(1 + 74M,7) - AyPo - 7ОРОМУ Ao (2) 


The greatest difficulty in solving for values of ram-jet thrust lies in 
an accurate: determination of the quantities appearing in the first term 
of the equation. This term is defined as the jet force G. Thus, 


G = ΙΑ (1 + 7) (3) 


and, therefore, 


Р = G - AyPo - уоғо Ao (4) 


ο ως ο 
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If the air specific impulse and weight flow of air are known, the 
jet force may be easily determined, since by definition 


G 
Б. = — 
ra (5) 
A value for air specific impulse may be obtained from 
* 
Sa = Sa tne (4) (6) 


where 8,7 theo 18 the theoretical value of the air specific impulse 


in a choking exit for the particular fuel-air ratio used, т; is the 
impulse efficiency, and @(M) is the correction for increased thrust 
obtained by nozzle expansion. Expressions for Sa theo and Q(M) 


are presented in appendix A. Values of 1, may be obtained from 
experimental results, or may be based on past experiences with similar 
combustors. The use of values of air specific impulse in performance 
computations was explained in 1947 (ref. 1) and has been generally 
adopted as an engineering method of evaluating the thrust-producing 
potential of various fuels burned in air. It is therefore considered 
that no further explanation of this parameter is required. 


The jet thrust G of a ram jet at any given free-stream condition 
may be limited by either the amount of heat being added to the entering 
air or by the pressure available at the exit nozzle. With a fixed mass 
flow and a choking condition the jet thrust of a given nozzle may be 
increased by increasing the total temperature and pressure of the gases. 
Under these conditions an increase in temperature will be accompanied 
by an increase in pressure and vice versa. While ба allows the thrust 
to be determined on the basis of the mass flow of air entering the ram 
jet and the impulse available per pound of air after combustion, no 
consideration is given to the pressure losses throughout the engine 
and total pressure available from the free-stream conditions. 


When the diffuser total-pressure recovery, the free-stream total 
pressure, and the combustor-force coefficient are known, the jet force 
may be determined as follows: 


б = СоН|А| | (7) 


А value for Сс may be determined from experimental results or may be 
based on past experiences with similar combustors. 


πο μμ” 


° E i NACA RM 155821 


Appendix B presents a detailed discussion of the combustor-force 
coefficient and а method for determining values for this coefficient 
when values of the combustor pressure losses (in terms of the entrance 
dynamic pressure) are known. These losses are a result of friction and 
separation losses of the flame holder, shell, and nozzle and are the 
actual "hot losses and not those associated with "cold" conditions. 


The use of the combustor-force coefficient allows one to weigh 
directly the differences between any one combustor and nozzle combina- 
tion and any others with respect to thrust potential based on pressure 
available at the combustor entrance. The analysis presented in appen- 
dix B shows that with а choking exit the combustor-force coefficient is 
independent of environmental conditions at any specified combustor 
entrance Mach number. The combustor-force coefficient for a combustor 
with an exit nozzle with a contraction and expansion ratio of 1.17 and 
various hypothetical internal-drag values from 1а to ба is shown in 
figure 2. (Тһе notation for internal drag is explained ав follows: Тһе 
pressure-loss coefficient k represents the ''' 5 ἄτορ 
referenced to the dynamic pressure, such as p ш Б. The internai- 
drag values kq, then, which are equivalent to the stagnation-pressure 
drop, are represented numerically herein in terms of the dynamic pres- 
sure, such as lq, 2q, and so forth.) It is apparent that the lowest drag 
configuration will produce the highest combustor-force coefficient for . 
a specified entrance Mach number. The variations of М), when free- 
stream conditions are fixed, is synonymous to a fuel-air-ratio change. 
The real significance of the combustor-force coefficient is that it 
directly rates any one combustor with another, the highest value 
naturally being for the unit that can produce more thrust when con- 
sidered in a ram jet of equal diffuser recovery and unit size. For 
example, consider the use of a combustor with a diffuser that delivers 
10,000 pounds per square foot of total pressure for Mj = 0.20 at 
specified flight conditions. In this case, the lq combustor shown in 
figure 2 would produce в jet force of 9510 pounds for every square foot 
of combustion-chamber area, whereas the ба unit would deliver only 
8520 pounds of jet force per square foot. 


In order to realize the higher jet force in the cited example, 
however, а correspondingly higher value of air specific impulse would 
be required. Under these conditions, when the diffuser recovery is 
not necessarily the maximum available, the maximum air specific impulse 
will dictate the maximum jet thrust. 


In figure 2 the effect of varying the geometry of the exit nozzle 
is illustrated for a hg combustor. Exit nozzles having the largest 
contraction ratio, and therefore the smallest throats, produce the 
lowest values of Со. The use of a small throat may be desirable where 
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fuel economy becomes а major factor. Іп such а саве, the throat в1бе 
would be determined by the expansion ratio required to keep nozzle 
losses to a minimum. 


The effect of a nonexpanding exit (sonic flow at the exit) would 
show the same general trends as in figures 2 and 2, but with lower 
values of Со throughout. This is as should be expected, since an 
increase in momentum will result when the exit flow is expanded to a 
lower pressure. This gain in jet force is expressed as a nozzle factor 
which is described in appendix A. 


CORRELATION OF COMBUSTOR DATA 


An engineering analysis is valuable only when good agreement can 
be obtained with experimental data. Values of the combustor-force 
coefficient are presented for seven different combustors. These include 
combustors that use flame holders of three different types - gutter 
type, "donut" type, and can type. Sketches of the various combustor 
configurations are presented in figure 4. Some general information on 
these configurations is presented in table I. Connected duct, free- 
Jet, and free-flight ram-jet data for the different combustor configura- 
tions are presented in figures 5 to 11. In these data the jet force 
was either a direct measurement or was computed from force measurements 
with the proper tare conditions considered. Combustor internal pressures 
were measured values from which Mach number and mass-flow conditions 
were determined. The jet force so obtained was divided by the product 
of the total pressure at combustor entrance and the combustor cross- 
sectional area, giving values of the combustor-force coefficient, Cc. 
These values of Cc were plotted against the combustor entrance Mach 
number Му. 


In order to classify the combustors for each case, computed curves 
of Сп at constant drag conditions for each particular combustor geometry 
are superimposed on the test data. Therefore, by merely examining the 
curves, it can be seen that the test data will actually classify the 
combustor as to its apparent drag characteristics; that is, 2а or lig, 
and so forth. In considering figure 5 (combustor A), the test points 
fall onthe 4q drag curve over the range of inlet Mach numbers tested, 
while the combustor-force coefficient varied from 0.8 to 0.73. These 
data are for free-jet Mach numbers of 1.84, 1.90, and 2.06 and a range 
of Tg, from 830° F to 960° F absolute and a range of f/a from 0.009 


to 0.078. Similar comparisons are made with the other combustor data 
presented. 


The data for а 9.6-inch-diameter combustor with a modified donut 
burner (combustor B) are presented in figure 6. This burner wes of a 


“ea, 
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similar type used in combustor A, except that two concentric rows of 
donut flame holders were employed having approximately equal total geo- 
metric blocked area as combustor A. Vapor ethylene fuel was used and 
injected at the first flameholder. А nonexpanding exit nozzle with a 
contraction ratio of 1.25 was used. 1% should be noted that neither 
effects of free-jet Mach number nor stagnation temperature are evident. 
It is of interest to note that, although combustors A and B are not | 
identical, Pigures 5 and 6 indicate that their drag and Со conditions 
are equal. 


Figure Т presents data for a donut burner in a 6.5-inch-diameter 
unit (combustor C) with two different nozzles. This particular burner 
had the same percentage of internal blocked area and also employed the 
game combustor-chamber length as combustors A and B but was evaluated 
with an expanding exit. It is of interest to note, however, that the 
apparent drag of combustor C is somewhat lower than combustors A or B. 
This might be attributed to the relatively longer length between the 


flame holder farthest downstream and the exit, resulting in the immersed 


flame holders being in a lower velocity region. These data are for 
free-jet Mach numbers of 1.84, 2.06, and 2.21 at sea-level conditions. 
Again, it can be noted that free-jet Mọ and 180 had по effect on 


the drag or combustor-force coefficient over the range of Mj shown. 
Flight data for similar units reported in references 2 and 3 are also 
presented for comparison. These data represented free-stream Mach 
numbers from 1.9 to 3.1 and an altitude range from near sea level to 
67,000 feet. Figure 7(b) also shows data for Mo = 2 from reference h. 


Free-jet data on a 16-inch-diameter combustor reported in refer- 
ence 5 are presented in figure 8 (combustor D). The burner was of the 
corrugated-gutter type with fuel injection 17 inches upstream of the 
flame holder. These data are represented for М = 1.55 and M = 1.75 
with a 90-inch combustion-chamber length and a nonexpanding exit-nozzle 
of area ratio 1.55. The maximum value of Со indicated is 0.70 with 
а combustor drag of Ва. This high drag loss is probably largely due 
to the plug-type nozzle and support strut assembly utilized on this 
configuration. Because of the high internal-drag conditions prevailing, 


the combustor-force coefficient decreases rapidly with increased entrance 


Mach number Mj. 


Figure 9 presents data for a can-type burner in a 16-inch-diameter 
combustor reported in references 6 and 7 (combustor E). These data 


represent two exit-nozzle configurations at both Му = 1.8 and Му = 2.0. 
The evaluation and drag classification of this combustor with a straight- 


pipe exit is presented in figure 9(a). Тһе combustor-force coefficient 


with a convergent-divergent nozzle (Ау /А5 = 1.4) is shown in figure 9(ъ). 


Again these data indicate that the free-stream Mach number is an inde- 


pendent parameter; however, some apparent change in drag loss is indicated 


"andi 
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when а nozzle with а contraction ratio is employed. This fact ls evident 
when figures 9(&) and 9(b) are compared. The constant-area nozzle shows 
an over-all drag between lq and 2g, while Cc varied considerably with 
Μι. Іп the case where a nozzle with a contraction and expansion ratio 

of 1.4 was tested, Cc remained practically constant, whereas the drag 
varied from 2q to 3q at the highest fuel-air ratios. 


Figure 10 presents data obtained in duct tests (ref. 8) and free- 
jet tests of two combustors utilizing magnesium—JP-5 slurry fuel (com- 
bustors F ала G). The free-jet data are for M - 2.06. These partic- 
ular burners (modified vane-gutter flame holder and сап type) were 
incorporated in а combustor-shell configuration similar to that of 
combustor C (fig. 4) with two expanding exits (Aj/Az = 1.17 and 
Ay, /А5 - 1.28). For combustor F, reducing the exit merely reduced the 
Cc available, whereas the over-all drag condition remained nearly con- 


stant (approx. 224 at high values of f/a or the lowest values of Μι). 


This effect was previously predicted analytically by figure 5. Again, 
it is evident from figure 10 that the combustor-force coefficient is 
practically a linear variation with internal Mach number Му. 


Data for the can-type burner were available only over а small range 
of values of Μι for Ay, /А5 of 1.28 (combustor G). It is interesting 


to note that this unit has nearly identical drag characteristics and 
combustor-force coefficients for the limited range of М) tested as 
combustor F. In addition, when compared to a similar type of burner 
(combustor E, fig. 9(b)), it can be noted that both combustors have 


about the same internal drag conditions ода, at equivalent Μι. 


The experimental effects of combustor exit-nozzle size on jet force 
are shown in figure 11 for combustor A. Previously, figure 5 indicated 
that this combustor with А)/Аз = 1.25 could be classified as a 4q unit. 
The addition data in figure 11 indicate that an increase or decrease of 
approximately 9 percent in exit-nozzle area ratio (nonexpanding type) 
has a marked effect on the over-all drag characteristics of the combustor. 


The exit-nozzle area ratios of 1.15 and 1.37 indicate liq and 554 com- 


bustors, respectively. The increase in Cc with increased nozzle-throat 
area was predicted by the previously presented analytical discussion; 
however, the difference expected was not so large because of the change 
in apparent drag with different exit~nozzle sizes. 


Experimental data from tests on combustors of different sizes, 
fuel types, and Plame-holder configurations all showed good correlation 
with this parameter. Test experience on these combustors indicate that 
hot tests at one Mach number and stagnation temperature is sufficient 
to evaluate the combustor-force coefficient on any unit. This eliminates 
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the necessity for extensive testing programs in order to determine 
performance over a wide range of conditions. 


The experimental data presented show that the exit force varies 
almost linearly with combustor entrance pressure. Thus, a measurement 
of this pressure should be easy to use as a thrust meter. References 9 
and 10 discuss schemes of ram-jet controls utilizing such an engine- 
pressure measurement. 


USE OF Cc AND 6, 


Since the combustor-force coefficient relates the jet force to 
the internal pressure and the air specific impulse S, is a measure 
of the jet impulse available due to combustion, each parameter can be 
used independentiy in an expression for ram-jet thrust and thrust 
coefficient. 


By considering the air-specific-impulse parameter, equation (5), 
and substituting into equation (4), an expression for the thrust is 
obtained. 


Р = бый - АцРо - 70РоМ Ao (8) 


By dividing both sides by долл» ап expression for the thrust coeffi- 
cient пау be obtained. After simplifying and reducing to Mach number 


terminology, 
Salo [ g ^ ^o 
Cm = а = —— a a 
; RIY" YoRoTo AjyoMo2 J ^ 


By substituting equation (7) into equation (4), another expression 
for the thrust is obtained which considers the combustor-force coefficient 


F = OgHiAi - AyPo - УоРОМ Ao (10) 
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Changing this to an expression for thrust coefficient іп terms of Mach 
number and compression ratio yields 


Cm = 2 (11) 


Ok ] τν Ao 
анг 


The equations may be used to compute thrust and thrust coefficients 
of ram jets from experimental or estimated values of Cc, Hj/Pg, and 
ба. In making в performance map о? & ram jet (where the variation of 
thrust is determined over & range of Mach numbers for various v&lues 
of S& and diffuser recovery) equations (9) and (11) are ideally suited 
for rapid computation. Equations (8) and (10) are useful for obtaining 
values of Ба and Cc from experimental data. 


It should be noted that the jet force G is dependent upon two 
sets of conditions as set forth in equations (5) and (7). Thus, 


G = SaWa = CoH Ay 


From this relationship it can be concluded that, for a given ram 
jet under specified conditions, the jet thrust will be limited by either 
the air specific impulse or total pressure at the combustor entrance. 

If the air specific impulse limits the jet thrust, the total pressure 
at the combustor entrance Hj will automatically conform to satisfy 
the equation. Similarly, if the total-pressure recovery limits the jet 
thrust, then either ба will be less than maximum or the diffuser will 
automatically spill enough air so that W, will be reduced until the 


product байа  wiil equal the jet thrust produced. 


In designing ram jets, proper selection of the ratio of free-stream 
tube area to combustor area is necessary in matching diffuser to com- 
bustor characteristics. At the design Mach number, the engine should 
be designed to operate at maximum total-pressure recovery and maximum 
heat release. Іп order to determine the proper area ratio for conditions 
of maximum recovery and maximum §,, equations (5) and (7) are combined. 


S.W, = CoH A, (12) 
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or 
708 E 
B.P Rom CoH} A, (15) 
Thus, 
ON аш, 
a — Ht 
Ay Po ao 


It has been shown that Cc usually varies slightly with combustor- 
entrance Mach number My. Since Mj varies with area ratio for a given 
pressure recovery, the area ratio may not be determined directly; however, 
since the change in Со with Μι is slight, Ag/A3 can be determined 
in one or two reiterations. Examination of equation (14) shows that, in 
order to utilize an increase in toteal-pressure recovery or combustor- 
force coefficient, a corresponding increase in Ag is required; whereas 
а decrease in Αρ will be required to accommodate an increase in Ba. 


CONCLUDING REMARKS 


A study of the experimental data presented indicates consistent 
agreement between the engineering method of combustor evaluation and 
classification and the experimental data. This comparison has been 
done by means of evaluating seven completely different and independent 
configurations. Inasmuch as the combustor-force coefficient relates 
the jet force to the internal total pressure, it rates the thrust 
potential of the combustor in terms of the available pressure. One- 
dimensional analysis presented indicates that, when choking exists at 
the exit, the combustor-force coefficient should be independent of 
environmental conditions except for second-order combustor-entrance 
Mach number effects. 


Some definite trends that resulted from experimental data presented 
are the following: 


1. The free-stream Mach number variation from 1.35 to 3.1 shows no 
effect on combustor-force coefficient. 


2. Free-stream stagnation temperature variation from 500° F to 
12009 F absolute showed no determinable effects on conbustor-force 
coefficient. m 
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5. The variation of nozzle throat size had & direct effect on 
combustor-force coefficient. In addition, small changes in apparent 
drag loss were indicated as the nozzle size was changed. 


4. For the experimental tests evaluated, combustor-force coeffi- 
clent decreased as the combustor-entrance Mach number increased. In 
many cases, however, the variation of combustor-force coefficient with 
combustor-entrance Mach number was very slight. 


Test experience on these combustors indicates that hot tests at 
one Mach number and stagnation temperature will evaluate any unit, 
eliminating the necessity for extensive testing programs. Тһе good 
experimental correlation shown indicates that a thrust meter or con- 
trolling device based upon combustor-entrance pressure measurement 
would be a workable device. š 


The use of the combustor-force coefficient and the air specific 
impulse parameter leads to simple ram-jet thrust-coefficient relation- 
ships, which &llows for quick solutions. The problem of ram-jet sizing 
is simplified by the use of an expression using the combustor-force 
coefficient and air specific impulse. This expression allows for quick 
solution of the proper ram-jet free-stream tube area ΑΟ for a partic- 
ular combustor considered. 


Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., May 27, 1953. 
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APPENDIX A 
DERIVATION OF AIR SPECIFIC IMPULSE, 8а 


By definition (ref. 1) the air specific impulse is defined as the 
ratio between the exit momentum or jet exit force G and the air mass 
flow Ма. Expressing бая in terms of stagnation temperature and 7 
results in an equation that allows a theoretical calculation of ба” 
for any fuel burned in air when thermal choking takes place in the exit 
nozzle. Тһе jet force is defined 


G = pAV? + РА = рате + 2) (15) 
руё 
ΟΥ 
V + + 
G = (Wa + We)—— (16) 
g 


The Mach number in the exit is sonic; thus, equation (16) can be 
rewritten 


YERT + gRT 
0% = (Wa + we) (17) 
Since = = =, 
a, 
T 
Wa +W рет T = 
x< 8 f 7 8) 
8 
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Simplifying gives 


Sa = (2 + 3c +1) x (19) 


om 
ну 
О 
H 
C 
Jl 
- 
ы 


сл 
І 


) 2(у + 1)RTg (го) 


* = (2 +i 
Ξ 76 


Equation (20) shows that the theoretical ба” can be obtained for 


any combustible fuel-air mixture provided the ratio of specific heats, 
the gas constant, and the stagnation temperature are known for the 
products of combustion corresponding to a given fuel-air ratio. 


Since Sa” is а measure of the ram-jet exit impulse, the impulse 
efficiency can be simply expressed as 


Sa” et 
jp ао (21) 
& theo 


at the equivalent values of f/a and Τα. 


Generally, the ram-jet combustor employs an expanding exit nozzle. 
Therefore, an increase in thrust is realized due to expanding the flow 
to & lower pressure. Іп order to express the air specific impulse at 
the nozzle exit, a nozzle correction factor 0(М) is required. Thus, 
the exit ба is 


ба = Sa (M) (22). 


16 “өңеші... 
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This nozzle factor can be determined from stations 3 to lh by assuming 7 


constant and no losses or separation effects (ref. 11). 


2 
#(М) = ix. 
/2 


Where M, is found from the continuity equation 


1 
Малы) 


(25) 


(24) 


Figure 12 presents the variation of S4" against f/a for а 
typical hydrocarbon fuel burned in air at free-stream stagnation tempera- 
ture from 700° F absolute to 1000° F absolute. Тһе nozzle factor 0(М) 
is presented in figure 15 as a function of area ratio for y =1.4 алд / 


y = 1.5. 
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- APPENDIX В 
- ANALYTICAL DETERMINATION OF COMBUSTOR-FORCE COEFFICIENT, Со 


Ihe analysis considers a combustor of constant cross-sectional area 
(fig. 1) with some form of an exit restriction. The term "combustor" is 
considered to consist of three components - burner, shell, and exit 
nozzle. The burner component is considered made up of the fuel-injection 
and flame-holder systems. 


For the analysis of this constant-area combustor, choking is assumed 
to exist in the combustor exit nozzle. The combustor drag consists of 
the pressure losses due to friction and separation. It is assumed that 
all of the losses not associated with heat addition take place before 
the combustion process. No special account is taken of the effects of 
fuel injection on the mass flow and gas velocity through the combustion 
zone and the aerodynamic efficiency of the exit nozzle; however, these 
losses are included as pressure losses based on entrance dynamic pres- 
sures and are definitely evaluated when hot-test data are employed. 

The ratio of specific heats is considered equal to that for standard 

air up to the combustion zone. Іп the combustion zone, у is considered 
equal to 1.30. If desired, other values of y can be used for the 
combustion zone; however, when experimental values are compared to 
computed values where у = 1.5 was assumed, good correlation exists. 
Combustors are classified as to their drag characteristics in terms of 
total-pressure losses referenced to the entrance dynamic pressure; that 
is, 2а, hg, and so forth. 


The analysis is made in two steps - an independent expression for 
friction losses and an expression for the change in momentum due to 
heat addition. In the first step, all of the pressure losses due to 
friction and верагабіоп are taken between stations 1 and 18 (fig. 1), 
with no change in mass considered. Ву assuming the condition 


Bi, = (H) - και) (25) 


where σι represents the dynamic pressure аб station 1 and k is the 
pressure loss coefficient. An expression for the stagnation pressure 
ratio K as в function of Mach number send у is developed. 


ма [п Q (26) 


0$. - 7-1 
ΕΞ š 
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Equation (26) is presented graphically in figure 14 for different 
amounts of pressure loss expressed іп а against combustion-chamber 
entrance Mach nunber Му. 


The Mach number of the flow at the entrance to the combustion zone 
Mig, however, differs from the Mach number at the inlet M, because of 
the pressure losses experienced by the flow. Once q, and K are 


known at a particular М), the new Mach number Mia is obtained by 


one-dimensional flow analysis. Figure 15 presents a graphical solution 
for the Mis for a range of dynamic pressure drops. 


In the second step of the analysis, a momentum balance between 
stations la and 2 for a constant-area channel can be Written (friction 
already having been accounted for) 


i 
Pia + PA ETE = Po + ку e (27) 
Since 
р + pV? = P(1 + ΥΜΕ) (28) 
then 
Pig(l + laMa ) = Pall + yM?) (29) 
Thus, 


2 
Pia E 1 + γρΜρ 


E - (30) 
"e E р.а 


Тһе total-pressure ratio due to heat addition can be found by 
employing the following tautology 


Нә 
ae 422 2% (51) 
На Ha Pia 

Pla = 
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Ву substituting equation (50) and the relationship 


H _ 7-1 7-1 


into equation (51), the total pressure becomes 


7ο 


ўі 
ER Run г) * 
Ho —— М6 1 + Nahe” 


Е — U ) 
Ei PETERET- (33 
Yla- 1 a 
18 2 
с р ET) 
For purposes of simplicity, let 
ἘΠ 7-1 
d pi 5 е) 
£(M) = (5%) 
l + ‚ме 
Then 
Ны Ғ(Мыа) 


After considering other losses exclusive of those due to heat addition 


Ho ғ(м2) 
E CE 26) 


ka. 
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Equation (56) thus expresses the pressure ratio іп a constant-area 
channel due to pressure and separtion losses and the 0855 heat-addition 
process in terms of Mach number. 


For purposes of simplicity, it is assumed that no total-pressure 
losses occur through the exit nozzle; that is, Ho = Hj. It should be 
noted that such losses that do occur are charged to combustor-friction 
losses. Considering the conditions at station 4, the jet force G can 
be written as 


= Py Ay (1. + уұм, 2) (57) 


By solving equation (32) for P and substituting into equation (57), 
the jet force becomes 


G = ΠΠ (28) 
γι =l 
y, - 1 + 
(SS 
Simplifying with equation (3) 
Ay Hy 
G 
(Μι) 
or, since Ho = W 
Ay Ho 
ΠΝ] (29) 


By solving equation (36) for Но and substituting in a (39), 
the jet force becomes 


KHA} f (Mo) 


7 £05) £04) © (ο) 
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By dividing G by the total pressure and area at station 1, a non- 
dimensional coefficient results which is called the combustor-force 
coefficient, (Ca. 


G _ A) £ (Mp) 
Сс HAL i Ai f(4)£(M,) чы) 


! 


For most cases А, = Ар = А (ав in fig. 1); thus, equation (41) 
may be written as 


_ 20) 
ο КУЫ) өн 


Another special case to consider is that of а constant-area nozzle 
and combustor, A, = Αρ = Az = Aj. Under such conditions equation (41 ) 


simplifies to 


K 


Cc = f) (43) 


because f(M,) and f(M,) are equal. 


As an aid for quick solutions to equations (41), (42), and (43), 
the functions К, Ap/Az, Ay, /As, f(M) in the subsonic case, and f(M) 


in the supersonic case are presented against Mach number in figures 14 
to 17. 
Example of the Use of Charts 
The use of the appropriate functions presented in figures 14 to 17 
to compute a combustor-force coefficient can be shown with the following 
sample problem: 


Determine the combustor-force coefficient for a combustor with the 
following qualifications: 


Мү = 0.20 


22 


A 
22 κ - 1.20 
Az Аз 
hq burner 


Solution: 


Му = 0.20; drag loss = Ња 


Μι = 0.20; drag loss = нат 


Ap/Az = 1.85 Ур = 1.5 


М,Аз = 1.85 y = 1.5 
Mia = 0.222; vy, = 1-4 
Μο = 0.5933 yo = 1.5 
My = 1.515; y, = 1-3 
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Known quantities Figure used 


K = 0.881 

Mla = 0.255 
Mo = 0.595 

M, = 1.515 
(Ма) = 0.961 
f(Mp) = 0.858 
Ε(Μι) = 0.902 


Knowing К, TMa?» f(M5), and Ұ(М,), use equation (42) to find 
the combustor-force coefficient | 5 


_ 0.881 x 0.858 


C 
5 0.961 х 0.905 


= 0.872 (answer) B 
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TABLE I 


COMBUSTOR AND BURNER DATA 


blockage, 
percent diameter, 


in. 


Donut Ethylene 


Modified donut 


Ethylene 


Donut Ethylene 


Gasoline 


Corrugated gutter 


Propylene 
oxide 


Can 


46.0 


Magnesium 
slurry 


Vane gutter 


120.0 
(open) 


Magnesium 
slurry 


Can 


Diffuser Burner drag | Heat addition 


Figure 1.- Sketch of ram-jet configuration used in analysis. 
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egg 


different internal-drag conditions and an expanding exit nozzle, 


Figure 2.- Variation of combustor-force coefficient Со with M at 
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ШО 
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Figure 5.- The effect of expanding exit nozzle sizes on combustor-force 


coefficient Сп in а 4q combustor. 
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Combustor В 


n 6.5 


E — 
“МАСА” tame, d 

Combustor C ш RR б 

Del 


Figure 4.- Sketch of combustor configurations evaluated. А11 dimensions 
are in inches. 
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Combustor D 


Combustor E 


Figure 4.- Continued. 
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Combustor F 


Combustor G 


Figure 4.- Concluded. 
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Nonexpanding exit, Ay /А5 = 1.25; multiflameholder. 


Figure 5.- Combustor A. 


Nonexpanding exit, һ,/Һ = 1.05; double-row 


Figure 6.- Combustor B. 


multiflameholder. 


28 NACA RM 155Е21 


f/a 


© 2.21 962-1000 .005-.087 
Š 2.06 935-980 .015-.088 


1.84 880-901 .016-.085 


680.1105 .022-.047 


Pee ώρα 
BEZAbOR 


685-915 .018-.100 


880-1120 .012-.052 


(b) Ay / Az - 1.275. 


Figure T.- Combustor С. Expanding exit, multiflameholder. 
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.051-.057 
.028-.050 


M) 0 
3 τῷ 
Ww) Ш) 
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SETENTA - sa 


Nonexpanding exit, Aj fA; = 1.55; corrugated- 


gutter flameholder. Data were obtained from reference 5. 


Figure 8.- Combustor D. 


22 


55 атары тына. NACA RM L53E21 


= = 
sx "c 


1.1 
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981 .058-.071 
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Mi 
(&) Straight pipe exit 
9 Mo = 2.0 
My = 1.8 
[ITI Il] 
aep napi | 
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(b) һ/Һ, = 1.4 (expanding exit). | she wed 


Figure 9.- Combustor E showing effect of constant area and expanding exit 
on combustor coefficient. Data obtained from references 6 and 7. " 
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Сс 
(а) А,/Ақ = 1.17. 
Combustor М T 
type ο So f/a 
O F 2.06 950 .054-.095 
C] F Connected 810 .045-.107 
uc 
Св 2.06 930 .025-.067 
Со 


(b) Αι /А5 = 1.28, expanding exit. 


Figure 10.- Magnesium slurry combustors Е апа G. 
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Co 


Co 


Сс 


(ο) Ay, [А = 1.37. 


Figure 11.- Combustor А showing the effect of exit nozzle size on combustor 
Force coefficient Co for nonexpanding exit conditions at My = 1,84, 
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Figure 12.- Variation of theoretical air specific impulse 5,% with 


fuel-sir ratio at different ο. 


for а typical hydrocarbon fuel. 
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Figure 13.- Nozzle correction factor 0(М) against expanding area ratio. 
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Figure 14.- Total-pressure ratio K against M; for various imternal- 
drag conditions. 
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Figure 15.- Mach number change due to internal-drag losses іп terms of 9. 
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(a) Subsonic. 


Figure 16.- Isentropic Mach number variation with exit-nozzle area ratio. 
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(b) Supersonic. 


Figure 16 
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W and My 


(8) Subsonic, 
.- £(M) plotted against 


Ma and M. 


Figure 17 


43 


МАСА RM 192821 


a 
. 
і 


1.7 


"' E d 
o 8 
σου. Ἡ 9 
o 8 
^ e 
<H 1 
a= в ы. 
ы 
© 4) 
м d 
Ti 
δει 


f(M) 


NACA-Langley - 8-13-53 - 325 


